. However, the geographic distribution of this species has expanded into temperate regions, such as the Pacifi c Northwest of North America [ 8 -11 ] and the European Mediterranean [ 12 -18 ] .
Both species can be subdivided into different molecular types based on various molecular typing methods [ 19 -22 ] . C. neoformans includes fi ve molecular types, i.e., VNI, VNII and VNB, identifying C. neoformans var. grubii , VNIV corresponding to C. neoformans var. neoformans , and VNIII corresponding to the inter-varietal, diploid or aneuploid, hybrids. C. gattii includes four molecular types, i.e., VGI, VGII, VGIII, and VGIV.
Cryptococcus neoformans var. grubii is the most common variety responsible for more than 80% of cryptococcal infections and for more than 99% of the infections in AIDS patients [ 23 ] . Discriminating within this population represents an important step to understanding the molecular epidemiology of this pathogen. Current PCR-based typing methods are not capable of differentiating the strains and various populations, therefore a consensus multilocus sequence typing (MLST) approach containing seven genetic loci was recently established by the ISHAM Working Group for ' Genotyping of Cryptococcus neoformans and C. gattii ' [ 24 ] .
MLST using 12 genetic loci was fi rst applied to the analysis of a global collection of C. neoformans var. grubii , composed mainly of isolates from Southern Africa and the USA (102 isolates). The results confi rmed the existence of three genetically isolated groups among the analyzed population corresponding to the VNI, VNII and VNB molecular types. The method was able to further discriminate each of the three genotypic groups and to identify a number of sub-clades [20] .
In a different study [ 25 ] , the investigation of 13 Korean C. neoformans var. grubii isolates by the ISHAM consensus MLST scheme led to the identifi cation of a clonal population, designated genotype VNIc, which was commonly isolated from non-AIDS patients. The same fi nding seems to be confi rmed by other authors who analyzed 35 isolates from Japanese non-HIV patients with cryptococcosis [ 26 ] .
More recently, a large MLST study [27] , carried out on 183 C. neoformans var. grubii Thai clinical isolates, revealed a low diversity of this population compared to that found in Africa and the Americas. The analysis also showed that the MLST data were consistent with a proposed ancestral African origin of C . neoformans var. grubii .
MLST profi les of 107 Ugandan C. neoformans var. An MLST database has been constructed at the Imperial College of London (London, UK, http://www.mlst.net) with the aim of including all C. neoformans var. grubii sequences obtained using the standard MLST scheme. Unfortunately, this database is limited by the time required to substantiate the sequences prior to their inclusion and assignment of the correct sequence type (ST) codes. To overcome these limits, a new MLST database has been established at the Molecular Mycology Research Laboratory (University of Sydney, Sydney, Australia, http://mlst. mycologylab.org). The system assigns the sequence code automatically when a sequence is compared with the database, and a progressive sequence code to new sequences. Subsequently, the users are required to send all the data necessary for quality control, as well as the clinical data to complete the database.
In such an evolving picture of C. neoformans var. grubii molecular epidemiology, MLST data from the European continent are still lacking (only one isolate in the MLST database) and insuffi cient for the comparison with the global dataset.
Based on a European prospective survey on cryptococcosis [28] , 48% of the patients were infected by C. neoformans var. grubii , molecular type VNI, 22% by C. neoformans var. neoformans , VNIV, and 30% by the intervarietal hybrids, VNIII. Similar percentages occurred in Italy where C. neoformans var. grubii , VNI, infections were found in 35% of the patient population [29] . In addition, in Italy, C. neoformans var. grubii cases were not distributed equally, as they are more prevalent in Southern Italy then in Northern Italy, where C. neoformans var. neoformans is more prevalent.
Starting from this last Italian cryptococcosis survey, the aim of the present study was to apply the ISHAM consensus MLST scheme to genotype 53 Italian clinical C. neoformans var . grubii isolates and to compare the results with the currently available global MLST data. 
Materials and methods

Isolates
Genetic variability
The concatenated sequences of the seven loci were aligned with those reported in other MLST studies [ 20, 25, 27 ] that were obtained from the mlst.mycologylab.org website.
Sequence polymorphic sites were identifi ed by aligning the different allele sequences using the BioEdit software (http://www.mbio.ncsu.edu), and then checked manually.
A phylogenetic network was constructed with the Network v4.6 software (Fluxus Technologies Ltd, Suffolk, UK) using the median-joining network algorithm.
Haplotype diversity for each locus was estimated using the Arlequin v3.1 software (http://cmpg.unibe.ch) and the mean values were compared with that previously calculated for other geographical areas [27] .
Linkage disequilibrium
A linkage disequilibrium test between pairs of loci was calculated using the Arlequin v3.1 software. The test is an extension of Fisher ' s exact probability test on contingency tables, the object of which is to obtain the probability of fi nding a table with the same marginal totals and has a probability equal or less than the observed table. The nullhypothesis of non-random association between the two tested loci was confi rmed if the probability was less than 0.05. The number of steps in a Markov chain was set at 10,000 and numbers of dememorization steps at 1000. A table reporting the probability of linkage disequilibrium between pairs of loci was generated. In addition, the test was performed on the clone corrected samples as recombination may be masked by clonal reproduction.
Neutrality test
Divergence from the neutral model of molecular evolution was estimated by Tajima ' s D test using the Arlequin v3.1 software. This test compares two population parameters: one based on the number of segregating sites in the sample, and the other based on the mean number of pairwise differences between haplotypes. Under the infi nite-site model, both parameters should estimate the same quantity, but differences can arise under selection, population non-stationary, or heterogeneity of mutation rates among sites. To confi rm the results a second neutrality test, Fu ' s F s , was performed. Signifi cance of both tests was obtained from 1000 bootstrap samples.
Results
PCR-fi ngerprinting molecular type and mating type of the Italian clinical isolates
All 53 isolates that were typed in the present study were identifi ed as molecular type VNI by PCR-fi ngerprinting cryptococcosis survey [29] , whereas the remaining 13 cases were subsequently recorded. Isolates were collected from July 1997 to June 2002 and maintained on Sabouraud dextrose agar medium (Beckton Dickinson, Sparks, MD, USA) at 35 ° C.
DNA extraction and molecular typing
Isolates were grown on Sabouraud dextrose agar slants for 48 h and DNA was extracted as previously described [ 22 ] , and then stored at 4 ° C prior to PCR amplifi cation. The molecular type was identifi ed by PCR fi ngerprinting using the (GACA) 4 primer as described elsewhere [ 22 ] and genotypes were assigned by comparison with the following reference strains H99 (VNI), JEC21 (VNIV), and CBS132 (VNIII).
Mating type determination
To determine the mating type allelic pattern of all studied isolates, a multiplex PCR was carried out using four pairs of primers each able to amplify a mating type specifi c allele:
, with amplifi cations performed as previously described [30] . The mating type was assigned by comparing the results with those of the following reference strains; H99 ( α A), IUM 96-2828 ( a A), JEC21 ( α D), CBS132 ( α AD a ), and IUM 91-0804 ( a AD α ).
Multilocus sequence typing
Multilocus sequence type analysis was carried out using the ISHAM consensus MLST scheme for the C. neoformans / C. gattii species complex [ 24 ] which includes six unlinked housekeeping loci ( GPD1 , LAC1 , URA5 , SOD1 , CAP59 and PLB1 ) and the IGS1 non-coding region. The seven loci were amplifi ed and amplicons of each isolate were sent for commercial sequencing (Cogentech, Milano, Italy). Sequences were edited manually using FinchTV software v1.4.0 (www.geospiza.com) and then the allele type numbers were assigned by the Molecular Mycology Research Laboratory (Westmead Millennium Institute, Sydney Medical School-Westmead Hospital, The University of Sydney, Sydney, Australia, http://mlst.mycologylab.org). Combining the seven loci allele type numbers resulted in a seven digits code, corresponding to a ST number. Novel number was assigned to new allele types and STs. All sequences were included in both the MLST C. neoformans database (http://mlst.mycologylab.org) and in the GenBank database (http://www.ncbi.nih.nlm.gov) and accession numbers are reported in (Supplementary Table 2 available online at http://www.informahealthcare.com/doi/ abs/10.3109/13693786.2012.751642). using the primer (GACA) 4 and mating type α by specifi c mating type PCRs. Isolates were collected from 12 different Italian hospitals located in seven regions across Italy, but most were from the two major regions of Lombardia ( n ϭ 31, 58.5%) and Lazio ( n ϭ 15, 28.3%). The geographical distribution of the isolates is shown in ( Supplementary  Fig. 1 
MLST results
The sequence of the seven concatenated MLST loci was 4015 bp in total and the alignment of all 53 sequences showed 98 polymorphic sites. MLST analysis identifi ed fi ve CAP59 allele types, three GPD1 , fi ve IGS1, six LAC1 types, seven PLB , four SOD1 , and fi ve URA5 allele types. Four allele types, two from SOD1 and two from IGS1, were novel (Supplementary Table 1) .
A total of 16 STs was identifi ed (Supplementary Table 1 ), 14 of which were novel and two were identical to previously identifi ed STs, i.e., ST81, which had previously been reported from Thailand, and ST23, which had described from Korea, Uganda and the USA. Sequence type ST61 was the most common including 16 isolates (30.2%), followed by ST69 ( n ϭ 10, 18.9%), ST23 ( n ϭ 7, 13.2%), ST75 ( n ϭ 5, 9.4%), ST56, ST96 and ST68 ( n ϭ 2, 3.8%). ST55, ST81, ST59, ST102, ST62, ST65, ST138, and ST107 were represented by one isolate each (1.9%). 
Analysis of genetic variability
Network analysis (Fig. 1) showed that most of the Italian C. neoformans var. grubii isolates (30) were sequence types ST23, ST58, ST61, ST62, ST65, ST68 and ST138 which are strictly correlated to each other. This large cluster also included four global isolates: two from the USA, one from Korea and one from Uganda. Twelve Italian isolates, belonging to ST64, ST65 and ST69, seemed to form a cluster quite isolated and distant from the other global isolates. In contrast, the six ST59 and ST75 isolates were clearly related to ST32, which is a ST commonly found worldwide. Isolate IUM 00-1072 was identical to ST81 from Thailand, which is strictly related to a group of isolates from Asia. Four other isolates, identifi ed as VNI by (GACA) 4 PCR fi ngerprinting, belonged either to the rare VNII clade , or to the VNB clade (IUM 97-4515), which had previously only been reported from Botswana [20] , Brazil and Colombia [31] .
Haplotype diversity of the seven MLST loci ranged from 0.18 -0.63 (average 0.46). The SOD1 locus showed the lowest diversity, whereas the LAC1 and PLB1 had the highest diversity (Table 1) . Comparison with the average haplotype diversity values calculated for different geographic areas showed that the Italian C. neoformans var. grubii population presented an intermediate diversity value, lower than isolates from African and North American but higher than the Asian and South American populations (Table 2) .
Linkage disequilibrium test results
Linkage disequilibrium analysis carried out between pairs of loci of all isolates did not confi rm the null hypothesis of no linkage disequilibrium for all loci combinations tested, indicating that the population in this investigation has a clonal structure (Table 3) . However, when the clone corrected dataset was analyzed, half of the combinations were not statistically signifi cant suggesting the potential existence of recombination within the Italian population (Table 3) .
Population dynamics
Departure from the null hypothesis of neutral evolution was estimated both by Tajima ' s D and Fu ' s F s tests on all Italian C. neoformans var. grubii in the present study. When Tajima ' s D test was performed, the D value was negative for fi ve out of the seven loci with only one ( SOD1 ) being statistically signifi cant ( P Ͻ 0.05). Fu ' s F s test confi rmed the null hypothesis for all the seven loci (Table 4) . Together, these results indicate that none of the loci are under selective pressure, although some loci presented slightly negative D values (Table 4) .
Comparison of MLST results with clinical data and geographical distribution
The prevalence of the STs in the hospitals that reported three or more cases of cryptococcosis was determined and table) . shown in Fig. 2 . At least two different STs were identifi ed in all investigated hospitals, excluding the existence of a clonal population associated with the catchment area of each hospital. Taking into consideration the ST prevalence in the two main Italian regions, Lombardia and Lazio, no signifi cant differences were found (Fig. 3) .
The ST 75 included four out of the seven isolates recovered from patients who had immigrated from nonEuropean countries (three from Africa and one from South America), suggesting that this ST is grouping isolates with an extra European origin (Fig. 1) .
Finally, the fi ve isolates from non-HIV patients were not associated to a specifi c ST (Supplementary Table 1) , three belonged to the most prevalent ST61, one to ST23, and the last to ST69.
Discussion
The present study is the fi rst MLST investigation of a European C. neoformans var. grubii population and the results represent an important dataset to understand the global molecular epidemiology of this understudied human pathogen.
On the basis of the present results, defi nitive conclusions about the phylogenetic relationship between the Italian C. neoformans var. grubii population included in this investigation and the global isolates in the MLST dataset cannot be formulated due to the paucity of data that needs to be expanded.
However, the results of the present study show that the Italian C. neoformans var. grubii population includes at least two clusters, which are quite different from each other and from the global dataset, sharing similarities only with few strains. A third cluster seems to be strictly related to the more common genotypes distributed worldwide. Interestingly, four of the six isolates in this cluster are from immigrant patients supporting the possibility that these isolates could have an extra-European origin. This would provide further evidence from previous studies, which indicated the presence of dormant infections [33, 34] . The central location of the Italian C. neofomans var. grubii isolates and their close links with global VNI isolates in the phylogenetic network (Fig. 1) suggests that they may form a genetic link between the African and Asian populations. Further studies, including more European and global isolates, are strongly warranted. Isolates belonging to the rare genotypes VNII and especially VNB (for the fi rst time identifi ed in Europe in this investigation) were also found among the Italian C. neoformans var. grubii population. This leads to the hypothesis that VNII and VNB population are still underestimated and that future investigations will help to elucidate their real global distribution and phylogenetic origin.
Linkage disequilibrium analysis of the clone corrected dataset revealed that recombination among the Italian C. neoformans var. grubii population cannot be excluded. This is also supported by the previous isolation of one C. neoformans var. grubii mating type a strain (IUM 96-2828) from the environment in Southern Italy [35] . Typing of a greater number of strains from the Italian environment is needed to confi rm this theory.
Our results show that the Italian C. neoformans var. grubii population conserves a discrete variability and includes clusters quite different from the global dataset, and that it is probably able to recombine sexually. These conclusions are in agreement with a recent study carried out in The Netherlands reporting a high variability of the microsatellite profi les of C. neoformans var . grubii Dutch isolates [34] .
Further collaborative efforts by the European cryptococcal research community are needed to integrate and expand the present dataset in order to better defi ne the complexity of the European Cryptococcus neoformans var. grubii epidemiology. 
